ABSTRACT The deep interdependence between electrical and natural gas system has great influence on the security of multi-carrier energy (MCE) systems. The large-scale access to distribution generation (DG) of clean energy makes it necessary to investigate the effects of uncertainties on the safe and stable operation of MCE systems. However, the existing probabilistic energy flow analysis for MCE systems pays little attention to the difference between the correlation of various DG during calculating the energy flow. Therefore, this paper investigates the probabilistic energy flow considering the uncertainties and correlations of various DG. A framework of MCE systems considering various coupling units including power to gas (P2G) and energy hub is initially proposed. For this, the Monte Carlo simulation (MCS) method based on Latin hypercube sampling (LHS) and Nataf transformation is specially designed to calculate the energy flow for each sample. The energy flow calculation method is composed of three-phase AC/DC alternating iteration method and improved Newton node mesh method considering the control mode of compressors. Finally, the test system containing improved IEEE123-node system and NGS48-node system have verified the accuracy of the proposed probabilistic energy flow calculation method.
I. INTRODUCTION
With the increasing utilization of co-generation plants, natural gas power generation and power-to-gas(P2G) technology [1] - [3] , the coupling degree between power system and natural gas system is becoming stronger and stronger [4] , [5] , which makes multi-carrier energy (MCE) systems become the development trend and main carrier of future energy system [6] , [7] . In MCE systems, the new power system with distributed energy network, natural gas system and thermal system are operated and planned together. Compared with the concept of energy internet, MCE systems is more specific and pays more attention to the connection and interaction between different forms of energy systems. The large-scale access to distribution generation (DG) and load variation cause uncertainties in MCE systems,
The associate editor coordinating the review of this manuscript and approving it for publication was Amjad Anvari-Moghaddam. and the influence of these factors have attracted considerable attention. Besides, with the increase of renewable energy penetration, the correlation of intermittent renewable energy output should be considered in the analysis of MCE systems [8] - [10] . Therefore, technologies that can respond to uncertainties are required to control and minimize design and operation-related risks. In this way, the probability methods are more suitable for this purpose. Hence, probabilistic energy flow analysis for MCE systems is considered as the cornerstone for further studies.
In recent years, the probabilistic energy flow chacacteristics have been investigated in some researches. In [11] , a general method based on Newton-Raphson formulation for single-source gas and power flow analysis in a unified framework is described. In [12] , a framework of integrated electrical and multi-source gas systems was initially proposed, in which the correlation between varying energy demands and wind power is considered. Based on the model of MCE systems, the probabilistic power flow in power system is extended to natural gas system, and energy flow calculation of MCE system is preliminarily realized in [13] . To reflect the uncertainties in more detail, the probabilistic method proposed in the literature of traditional passive distribution systems is appropriately extended to the active distribution systems with wind and photovoltaic generation units in [14] . In [15] , a Nataf transformation based extended quasi Monte Carlo method is proposed and applied to probabilistic power flow. The impact of wind speed correlations on probabilistic power flow is analyzed in [16] . For MCE systems, a probabilistic energy flow algorithm for MCE systems based on point estimation method is presented in [17] , which takes into account the randomness of power systems, natural gas systems and heat networks. Although existing studies [11] - [17] have discussed the calculation of probabilistic energy flow for MCE systems with renewable energy sources, the effect of the correlation of random variables in MCE systems is rarely involved. This paper mainly focuses on analyzing the impacts of uncertainties and correlations of DG on MCE systems. Besides, the interaction between electrical system and gas system is considered by establishing integrated coupling units. The main contributions can be summarized as follows: 1) A new coupling unit consisted of P2G and energy hubs is proposed, which includes transformers, combined heat and power(CHP) and gas boilers to couple AC/DC electricity, renewable energy and natural gas. 2) A probabilistic energy flow calculation model considering the uncertainties and correlations of various DG is proposed, and the MCS method based on LHS and Nataf transformation is developed to solve it. 3) The uncertainties and correlations of DG including wind power generation and PV power generation are discussed and modeled by non-normal distribution, and their influence on MCE systems is also analyzed.
The remainder of this paper is organized as follows. The model a of a detailed AC/DC electricity system and natural gas system is given in section II. The probabilistic energy flow calculation method is presented in section III. Test results of case and analysis are discussed in section IV.
II. MCE SYSTEMS MODELLING
This section mainly summarizes the model of MCE systems, including the electrical system, natural gas system, the coupling units and operation modes
The AC/DC power flow calculation model is used as the electrical network model. In AC system, the active and reactive power can be expressed as follows,
where k represents three phase, P k i and Q k i is the three phase active power and reactive power of node i, U k i is the three phase voltage of node i, δ km ij is the three-phase phase difference of node i to j, G km ij and B km ij is the three-phase conductance and susceptance of branch ij, n is the node number.
In DC system, the power flow calculation formulas are expressed as follows,
where θ ij is the angle of branch ij, the plus and minus respectively correspond rectifier and inverter.
2) VOLTAGE SOURCED CONVERTER MODEL
The structure of voltage sourced converter(VSC) is shown in Figure 1 , and the steady model of VSC is as follows. When the AC three-phase voltage is asymmetric, the positive sequence voltage should be calculated from the phase voltage by using (3).
whereU 012 is the phase voltage column vectors of inverter AC bus side,U vsc,a ,U vsc,b ,U vsc,c are the phase voltage column vector on AC bus side of converter. Using (4), the amplitude and phase angle of the positive sequence voltage at the exporter side of inverter can be VOLUME 7, 2019 calculated.
where U and δU are the voltage drop. Assumes that both the negative and zero sequence component of inverter exports voltage are zero, the inverter output three-phase current can be obtained by (5) .
whereĖ vsc,abc is the inverter output voltage.
For the DC side of inverter, power and voltage constraints should be meet:
The active loss of inverter can be approximated by (7)
where A and B are the loss coefficient of inverter. Formula (3) to (7) consists of the steady model of VSC.
B. GAS NETWORK MODELLING
The gas system is mainly composed of pipeline, gas source, load and compressor [17] .
1) PIPELINE EQUATION
Ignoring the change of temperature and angle deviation of gas transmission pipeline, the steady equation of gas transmission pipeline can be described as follows,
where p represents pipeline, f p,ij is the gas flow of pipeline ij, π i and π j are the pressure of node i and j, respectively, k ij is the pipe parameters, s p,ij is the flow direction of pipeline.
To reduce the nonlinearity of gas flow, the nodal pressure is replaced by its squared formulation, which turns into (9),
where = π 2 .
2) COMPRESSOR MODEL
As shown in pipeline equation, frictional resistance in the transmission cause the pressure loss. To compensate the pressure loss for gas transmission, compressor is installed.
Compressor is special branch, that is, the pressures on two ends of the branch and the flow rate of two ends of branch are all related by special equations rather than the pipeline gas flow equation.
As for the gas-driven compressor, the mathematical model is calculated as follows,
where c represents compressors, f c,ij is the gas flow of compressor i-j, H c,ij is the power consumed by the compressors, B c,ij and Z c,ij are the parameters of compressors, τ c,ij is the gas flow consumed by compressors, α c , β c , γ c are the energy conversion parameters of compressors.
3) NODE FLOW BALANCE EQUATION
Any node satisfies the following flow balance equation,
where j ∈ i represents all nodes directly connected to node i through pipes or compressors, f i is the injection flow of node i.
C. COUPLING UNITS BETWEEN ELECTRICAL AND GAS NETWORKS
Two aspects of linkage between electrical and gas networks are considered in this work, which is P2G and energy hubs integrated with micro transformer, CHP, gas turbine and gas boiler.
1) P2G
P2G technology is mainly consisted of two chemical reactions. The first one is the electrolysis process (2H2O→2H2 + O2), which electrolyzing water to produce hydrogen and oxygen. The other one is the methanization process (CO2 + 4H2→CH4 + 2H2O), which produce methane from carbon dioxide and hydrogen [9] , [18] . The electrical power input and gas output of P2G satisfy (12)
where G P2G,m is the gas which is input to node m of gas system in P2G process, P P2G,n is the power which is consumed by electrical system in P2G process.
2) ENERGY HUB
The energy concentrator model can be regarded as a multi-input and multi-output link of integrated energy system [12] , [19] . Its main function is to complete the allocation, conversion, regulation, supplement and storage of different energy sources, and the input is consisted of electricity supplies P e and gas supplies P g . The output including electric load L e and heat load L h Meanwhile, several energy conversion technologies are contained: transformer, CHP, and gas boiler.
In this paper, a new comprehensive coupling mode of energy hub is proposed, which combines P2G, transformer, CHP, micro gas turbine and gas boiler. Through this coupling unit, electrical energy, natural gas, renewable energy, and thermal energy are all assembled. The structure is shown in Figure 2 . According to the energy conversion efficiency of the equipment included in the coupling link and the distribution ratio of electric energy and gas, the coupling relationship can be obtained as follows,
P e = v P2G (P e + P re ) (14)
where L e and L h are the electricity and heat demands of energy hub, P g and P g are the input electric power and gas of energy hub, P re is the output power of renewable energy generation including wind power generation and PV power generation, v CHP P g is the natural gas fed into CHP, v MT P g is the natural gas fed into motor, η CHP ge and η CHP gh is the efficiency of transforming natural gas through CHP into electricity and heat energy, η MT ge and η MT gh is the efficiency of transforming natural gas through motor into electricity and heat energy, η T is transformer efficiency, η GB is boiler efficiency, η P2G is P2G efficiency, v P2G is percentage of electricity fed into P2G.
3) OPERATION MODE
The coupled systems could operate in several different modes. To reduce the degree of coupling of the systems, an approach called sequential solving method is proposed [20] . According to whether P2G and gas-fired generators participate in the balancing node of MCE systems, the MCE systems with P2G can be operated in two modes as follows, 1) Mode I: Electricity-orientated mode. The flow of natural gas system depends on demand of electricity. Considering the advantages of fast dynamic response of gas turbine, it can undertake the frequency modulation task of power system. Set the node connected to the micro gas turbine unit as the balanced node. In this mode, P2G unit is regarded as the fixed flow node. 2) Mode II: Gas-orientated mode. The electric power flow is determined by the flow of natural gas system. In this mode, gas turbines are powered by natural gas systems and are subject to gas supply. Set the node connected to P2G unit as balanced node. The micro gas turbine unit is treated as the PV node.
III. PROBABILISTIC ENERGY FLOW CALCULATION OF MCE SYSTEMS CONSIDERING UNCERTAINTY OF DG A. CORRELAITON CONTROL OF RANDOM VARIABLES
Wind and PV power generation are environmentally friendly energy, but the output of wind turbines and solar system is relatively variabe. Ignoring the uncertainty of DG results in a considerable error of the energy flow calculation results.
1) UNCERTAINTY OF WIND GENERATION
The output of wind farm is affected by many factors, such as wind speed, wind direction, wind farm location and the layout of the wind farm. There is a strong random, intermittent and volatility among these factors. To reflect these factors, the probabilistic model of wind turbine should be properly established. It mainly includes wind speed model and generator model. The stochastic characteristics of wind speed can be described by a two-parameter Weibull distribution, and the probability density function can be expressed as follows:
where, v is wind speed, K is shape parameter, D is scale parameter. The generator model can be expressed as follows:
where, P W is the active power output of wind farm, P r is the rated output of wind farm, v ci , v r and v co are cut-in speed, rated speed and cut-out speed respectively. VOLUME 7, 2019
2) UNCERTAINTY OF PV POWER GENERATION
The main influence of solar energy access to distribution network is that the output of PV power generation is random and unpredictable. For the output of PV power generation, researches have shown that light intensity obey the beta distribution in both short and long time. Beta distribution of probability density function can be expressed as:
The probability density function of active power output from PV system is as follows, (19) where, P max is the maximum active power output from PV system, A is the total area of PV cells, η is efficiency of PV system.
3) NATAF TRANSFORMATION
For wind power generation, wind speed of multiple wind farms in the power grid are often correlated to varying degrees because of their geographical location. In addition, there is a strong correlation between light intensity in the same area.
To describe the correlation between random variables, Nataf transformation is a suitable choice. For the input random vector X = (X 1 , X 2 , · · · X n ) , the correlation coefficient matrix C X = [ρ X ij ] n * n can be expressed as follows,
where, σ i σ j is the standard deviation of X i , X j , cov(X i , X j ) is the covariance of X i , X j , ρ X ij is the correlation coefficient of X. Assuming that the corresponding cumulative distribution function F (x i ) of random vector X is available, the marginal transformation
can be used to obtain the relevant independent standard nor-
where, (·) and −1 (·) are the cumulative distribution function and the inverse cumulative distribution function of a standard normal variable, respectively. Assuming that C Y = ρ Y ij n * n is the correlation coefficient matrix of Y, according to the Nataf transformation, the relationship between ρ X ij and ρ Y ij can be expressed as follows,
where, Y i , Y j , ρ Y ij is the probability function of joint density of two-dimensional standard normal distribution with correlation coefficient ρ Y ij .
By Cholesky factorization of C Y A, its lower triangular matrix B can be obtained as follows,
The random vector in independent standard normal spaces Z can be expressed as follows,
The above process of converting random variable X into independent standard normal variable Z is called Nataf transformation. From its inverse process, relevant random variables can be obtained.
4) MONTE CARLO SIMULATION METHOD
Assume that Monte Carlo simulates for N times, N groups of input random variables can be generated according to the probability distribution of the above random variables. Then the energy flow of MCE system can be solved for N times. According to the results, the probability distribution of each variable of MCE system can be obtained.
B. PROBABILISTIC ENERGY FLOW CALCULATION OF MCE SYSTEMS BASED ON NATAF TRANSFORMATION 1) THREE-PHASE ALTERNATING ITERATION METHOD
Three-phase alternating iteration method is used in power flow calculation of power system, which is composed of three-phase forward-backward substitution method and AC/DC alternating iteration method. In this method, threephase voltage and power can be detailed, and the threephase unbalances of power system is considered. Meanwhile, the different access modes of DG are also fully considered. The calculation process is shown in Figure 3 (a).
2) THE IMPROVED NEWTON NODE MESH METHOD CONSIDERING DIFFERENT COMPRESSOR CONTROL MODE
The improved Newton node mesh method is used in energy flow calculation of gas system. Compressor can be worked in different modes such as constant boost ratio control, constant inlet pressure control and constant outlet pressure control. Most of the algorithms [21] , [22] treat the output node of the compressor as the reference node by default, which limits the control mode of the compressor. In this paper, a new energy flow calculation method is presented, which can take into account different compressor control modes. In the process of natural gas energy flow calculation, control mode constraints are added to ensure that the energy flow calculation results conform to the control mode formulated by the compressor. The specific steps are shown in Figure 3(b) . Between the calculation of nodal pressure difference and the error correction of branch flow, the constraints on nodal pressure relationship can be added to realize various compressor control modes, such as constant outlet pressure control, constant inlet pressure control and constant boost ratio control. 
3) PROBABILISTIC ENERGY FLOW CALCULATION OF MCE SYSTEMS BASED ON NATAF TRANSFORMATION
The method combines the MCS and the Nataf transformation to deal with the correlations between the input random variables. The flowchart is shown in Figure 4 , and the specific steps are as follows, 1) Input system data including line and pipeline parameters of gas and power systems, the CDF and the correlation matrix C for active power of wind and PV power generation.
VOLUME 7, 2019
2) Sampling the input variables with MCS and control the correlation of random variables with Nataf transformation. 3) According to the different operation mode, calculate the probabilistic energy flow of the MCE systems. 4) Calculating the numerical characteristics and probability distributions of system such as node voltage and branch flow. In order to explore the influence of the correlation of random variables on the calculation results of stochastic energy flow, referring to the results of energy flow without considering the correlation between random variables, the indexes shown in equation (25) (26) are used to characterize the influence of variable factors on the energy flow of the system.
where µ x o and σ x o are respectively the expected value and standard deviation of energy flow results for integrated energy systems without considering the correlation of random variables, µ x i and σ x i are respectively the expected value and standard deviation of energy flow results for integrated energy systems considering the correlation of random variables.
IV. CASE STUDIES A. TEST SYSTEM DESCRIPTION
To illustrate the overall performance of the presented energy flow calculation method, an MCE systems composed of the modified IEEE123-node system and a NGS48-node system is presented. The interdependence between gas and electrical networks is shown in Table 1 ., and the structure of energy hubs is shown in Figure 5 . The total structure of system can be find in the appendix. The schematic diagram of electrical system and gas system are shown in Figure 6 (a) and Figure 6(b) , respectively. For the electrical sub-network, the modified IEEE123-bus system is used, which includes two AC systems and two DC systems. Four sub-systems are connected with VSC1-4. The parameters of VSC are shown in Table 1 .The voltage grade of electrical sub-network is 7.5kV. In DC2, there is a transformer with a voltage conversion ratio of 7.5/1.5 and a transformer admittance of 0.01 (p.u.). The NGS48-node system is consisted of 9 gas supply nodes, 17 gas transshipment nodes and 22 gas demand supply nodes. Detailed parameters of the MCE system is shown in appendix.
B. ENERGY FLOW PROBABILISTIC CALCULATION OF MCE SYSTEM
The node pressure of compressor in NGS48-node system, the difference of node pressure and branch flow in NGS48-node system and the node voltage of modified IEEE123-node system are shown in Table 2 , Figure 7 and Figure 8 in mode II from those in mode I. It can be seen that the node pressure and branch flow of natural gas system under mode I are both higher than that under mode II. The reason is that when the system works in mode II, the gas generating unit undertakes the frequency modulation task of the power system. The overall load of the natural gas system is higher than that of mode I, especially the equivalent load of the gas generating unit access node is significantly higher than that of mode I, which results in the pressure reduction of node 2 and its adjacent nodes. The energy flow distribution of the whole natural gas system is changed correspondingly, especially the flow of pipelines and compressors near node 2 and the gas consumption of compressors. It should be noted that compressor consumption is a function of compressor flow rate and compression ratio. Therefore, the change of compressor consumption of the two modes is a comprehensive result of the change of compressor flow rate, outlet and inlet pressure.
The structure and calculation results of NGS14 node system is shown in appendix. The trend of branch flow is basically consistent with the results in [20] . Besides, the compressor outlet and inlet node pressure strictly meet the corresponding control mode, which verifies the correctness of the proposed MCE system energy flow calculation algorithm.
The maximum three-phase unbalances of node voltage in AC2 subsystem are presented in Figure 9 . As is shown in Figure 9 , the influence of NGS48-node system on threephase voltage is inconsistent, which has a certain impact on the three-phase unbalances of AC system. Among the two modes, the three-phase unbalances of power system are more serious under mode I. Under mode II, the equivalent load of electrical system is heavier and the access of coupling units may be asymmetric, which strengthen the three-phase unbalances degree of electrical system.
C. THE INFLUENCE OF UNCERTAINTY OF DG ON PROBABILISTIC ENERGY FLOW CALCULATION
The interaction between electrical and gas system can be further explored by analyzing the impact of the correlation between renewable energy output on the system. 
1) THE INFLUENCE OF THE CORRELATION OF WIND POWER RANDOM VARIABLES ON THE SYSTEM
The node voltage override rate of DC2 and the expected value and standard deviation of output variables of MCE system under mode I are shown in Figure 10 and Table 3 , respectively. As can be seen from Figure 10 , with the increase of the correlation between wind power plants, the node voltage overshoot rate of DC2 in power system increases. As shown in Table 3 , considering the correlations of wind power plants, the interface branch flow and the interface node pressure of natural gas system are almost unchanged, but the fluctuation range is increased, and the higher the correlation coefficient(ρ), the more discrete the distribution is. Besides, the expected value and standard deviation of interface node voltage of electrical system also increased. In Table 4 , the comparison of expectations and standard deviations of output variables of MCE system under two operation modes is shown. For electrical system, it is obvious that the lower correlation coefficient, the stronger the data floating. The data floating degree under Mode II is stronger than that under mode I. This is the result of the different characteristics of the two operation modes. For natural gas system, the node pressure and branch flow are relatively stable under the two operation modes.
2) THE INFLUENCE OF THE CORRELATION OF PV RANDOM VARIABLES ON THE SYSTEM
The expected value and standard deviation of output variables of MCE system under mode I are shown in Table 5 . Through the comparison of interface branch flow, the following conclusions can be drawn. 1) Considering the dependence of PV output, the expected values of branch flow, node pressure and node voltage of integrated energy system remain relatively stable, but the dispersion of data distribution increases. 2) The higher the correlation of PV output, the more discrete the data distribution of branch flow, node pressure and node voltage. From Table 6 , we can see the comparison of expectations and standard deviations of output variables of MCE system under two operation modes. The correlation of PV output will make the interface voltage data of power system tend to be discrete in two operation modes. Under the mode I, the branch flow and node pressure distribution of natural gas system are discretized, and the bigger the correlation coefficient, the higher the degree of data discretization.
Under mode I, the effects of correlations of wind power plants and PV power generation on the calculation results of energy flow calculation are compared, which are shown in Table 7 , Figure11(a) and Figure 11(b) , respectively. In order to better show the comparison results, only part of the branch flow that change obviously in natural gas system are shown in Figure 1 . The simulation results shown in Table 7 , Figure11(a) and Figure 11(b) indicate that for natural gas system, the influence will increase with the wind power plants and PV output correlation coefficient. However, for electrical system, the higher the wind power plants correlation coefficient, the smaller the impact on the electrical system, the higher the PV output correlation coefficient, the greater the impact on the electrical system. Under the same correlation coefficient, the influence of wind power plants correlation on the voltage data distribution of interface nodes is much more stronger than that of PV output correlation. The correlations in wind power plants and PV power generation existing in MCE systems should be considered adequately in energy flow analysis.
V. CASE STUDIES CONCLUSION
In this paper, the probabilistic method based on LHS and Nataf transformation is specially designed to address the influence of uncertainties of DG on MCE systems. Effects of correlations in DG on electrical and natural gas system are also analyzed separately. Moreover, the integrated coupling unit including P2G and energy hub is considered to describe the interdependence between electrical and natural gas system. Based on the simulation results, the conclusions can be summarized as follows:
1) The proposed probabilistic method can be applied to different compressor control modes in natural gas system and different coupling modes between electrical and natural gas systems. 2) The influence of correlation of wind power generation on energy flow calculation is different from that of PV power generation. Therefore, in actual planning, the correlation of wind power plants and PV power generation should be fully considered and dealt with separately. For wind power plants, the higher the correlation coefficient, the smaller the impact on the system. For photovoltaic power generation, the higher the correlation coefficient, the greater the impact on the system. 3) The P2G and energy hub modes of electrical-gas interaction proposed in this paper have certain complementary characteristics. In actual operation, the two modes should cooperate with each other to enhance the DG absorption capacity of power system.
APPENDIX

A. DETAIL DATA OF TEST SYSTEM
See Figure 12 and Table 8 .
B. STRUCTURE AND CALCULATION RESULTS OF NGS14-NODE SYSTEM
See Figures 13 and 14 and Table 9 . 
